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THE BIGGERPICTURE Molecular machines power many fundamental biological processes. These biological
machines operate exclusively in water. In contrast, almost all artificial molecular machines have been de-
signed to function in organic solvents, with only a rare few reported in aqueous environments. This discon-
nect between nature and the laboratory means that while synthetic molecular machines are biologically
inspired, their behavior under biologically relevant conditions is poorly understood. Artificial molecular
pumps are a growing family of molecular machines capable of driving away from equilibrium transport.
The use of these pumps in water, however, has not been described previously. Herein, we report the prep-
aration of such a pump and demonstrate its rapid and efficient operation in water. This research helps to
bridge the gap between biological and artificial molecular machinery, paving the way for the integration of
these machines into bioinspired systems, perhaps even into synthetic cells.

SUMMARY

This work presents an artificial molecular pump designed for efficient operation in water, advancing the
integration of synthetic molecular machines into biologically relevant environments. The pump function,
demonstrated through the formation of [2]- and [3]rotaxanes, exhibits enhanced efficiency and faster kinetics
compared with analogous systems in organic solvents. These improvements stem from radical-radical
interactions amplified by water due to its high polarity, emphasizing the solvent’s role in molecular machine
performance. The findings underscore the ability of water to strengthen supramolecular interactions essen-
tial for pump operation, providing a framework for designing next-generation molecular machines capable of

functioning under more biochemically relevant conditions.

INTRODUCTION

In nature, many key functions of cells are driven by a complex
array of nanoscale machines.’ These biological machines are
structures that have been fine-tuned by evolution to move in
precise fashion in response to environmental stimuli.” These me-
chanical movements are used to drive and maintain the complex
biochemistry necessary for life."® Biological molecular pumps
are one class of these machines, which are responsible for the
maintenance of concentration gradients by consuming energy
and transporting chemical species from areas of lower concen-
tration to areas of higher concentration.** For example, the so-
dium-potassium pump (NaK-ATPase) is an enzyme that imports

two K* ions into the already potassium-rich interior of cells, while
expelling three Na* ions to the sodium-rich extracellular re-
gion.*® These gradients of specific ions, and charge more gener-
ally, play an important role in regulating numerous downstream
biochemical processes. Nature has crafted an inconceivable
variety of such molecular machines, which, in a similar fashion,
are purpose built to drive highly specific chemical functions at
an efficiency which cannot be matched in the laboratory.?
Drawing inspiration” from these complex biological systems,
artificial molecular machines (AMMs) have been developed in an
attempt to replicate the precision and efficiency of biochemistry.
These AMMs harness an arsenal of non-covalent interactions to
direct the motion of molecular components in response to
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Figure 1. Mass spectra of the rotaxanes
produced in water

Evidence for the formation of rotaxanes by the
operation of an artificial molecular pump in
water from electrospray ionization mass spec-
trometry (ESI-MS). From top to bottom are the
chemical formula, observed isotopic distribution,
and simulated isotopic distribution of (A) the [2]
rotaxane AR1, and (B) the [3]rotaxane AR2. Pre-
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sented here are the most abundant intact ions,
which demonstrate excellent agreement with the
predicted isotopic distributions.

Full spectra are given in the Figures S11 and S17.
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external stimulus. In stark contrast to biological molecular
machines, which operate exclusively under aqueous conditions,
the vast majority of reported AMMs utilize organic solvents.
Aqueous AMMs remain exceedingly rare. The scarcity of aqueous
AMMs means that their behavior under biologically relevant con-
ditions is poorly understood.

Water presents unique challenges in the design of molecular
machinery, including the poor solubility of often lipophilic
AMMSs,® and the irreversibility of redox chemistry for certain
commonly employed functional groups.® Perhaps more impor-
tant, however, is the key role that solvent plays in the nanoscale
functioning of AMMSs. ' Solvent dictates not only the solubility of
a given AMM but also determines the relative strength of supra-
molecular interactions.®'" Water, with its high dielectric constant
and capacity to form hydrogen bonds, provides a solvent environ-
ment distinct from that of organic media. These properties, which
make water indispensable to biology, also mean that the interac-
tions and forces available to drive AMM operation will differ signif-
icantly in water compared with more typical solvents.'*'® For
example, competition from water can mute the effects of polar in-
teractions, including hydrogen bonds and donor-acceptor chem-
istry, often used to drive AMMSs in organic solvents.'" These differ-
ences mean that the energy landscape of a given AMM can vary
dramatically in water compared with other solvents, impacting
both the final product and dynamics of operation. Given the pre-
cise balancing act of kinetics and thermodynamics that is AMM
design,®'*"" the development of aqueous molecular machinery
requires an entirely different toolkit.'"'®

Despite these hurdles, water offers unique advantages that
could be leveraged to improve AMM performance.'®'® The ability
of water to screen Coulombic interactions, stabilize radicals
through solvation effects, and promote hydrophobic aggregation
demonstrates that certain interactions are enhanced in aqueous
media.”'® For example, the n-dimerization of bipyridinium, also
called viologen, radicals is significantly favored in water.'®
Recently, with the discovery?° of the formation of a trisradical trica-
tionic inclusion complex between cyclobis(paraquat-p-phenylene)
(CBPQT*) and free viologen units, a new generation of radically
powered AMMs have been developed in organic solvents.

Among radically driven AMMSs, artificial molecular pumps
(AMPs) have been extensively studied and developed.”'*° These
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radical AMPs take CBPQT** rings from relatively dilute solutions
and, driven by formation of the trisradical tricationic complex,
accumulate them at higher concentrations on collecting chains,
forming rotaxanes. To date, these radical AMPs have all used hex-
afluorophosphate (PFg~) anions in acetonitrile solutions. As both
the radical and electrostatic interactions utilized in the operation
of these AMPs are applicable in water, with strategic modifica-
tions, such a pump could be designed to function under aqueous
conditions. In this work, we introduce an AMP that addresses the
challenges of altered non-covalent interactions and poor solubility
in aqueous media. By employing chloride counterions and a tetra-
ethylene glycol collecting chain to enhance solubility, the system
achieves stability and functionality in water. Although these mod-
ifications draw upon established design strategies, their success-
ful combination in the context of a working molecular pump marks
a significant advance, as translating AMP operation from organic
solvents into aqueous media is not trivial. In particular, the
aqueous system demonstrates faster kinetics and higher effi-
ciency than its acetonitrile-based counterparts, facilitating the
synthesis of [2]- and [3]rotaxanes in high yields as confirmed by
NMR spectroscopy and mass spectrometry. See Figure 1. These
findings underscore the radically driven AMPs holds substantial
potential for integration into biomimetic systems under biochem-
ically relevant environments.

RESULTS AND DISCUSSION

Design and synthesis of an aqueous molecular pump

Current radical-based AMPs are based on the Mark Il (MKII®*)
pumping cassette, which contains three key functional units: a
dimethylpyridinium Coulombic barrier (PY*), a redox-switchable
viologen recognition site (BIPY2*), and an isopropylphenylene
steric speed bump (IPP)?? (Figure 2). In basic implementations,
this MKII®* pumping cassette is connected to a collecting chain,
which is terminated by a bulky stopper unit (S). The MKII®*
cassette takes CBPQT** rings from dilute solutions and accu-
mulates them on the collecting chain. Ring movement is driven
by modulation of the energy landscape along the length of the
pump using redox chemistry. Initially, the cationic ring and
pump units are Coulombically repelled. Upon reduction of the
viologen units to radicals (BIPY*), the decreased charge of the
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Figure 2. Mechanism of radical pump operation

Labeled graphic depiction of the structure and operating mechanism of a
typical, radically powered AMP. The pumping cassette is comprised of a
switchable BIPY2* recognition site, between a PY* Coulombic barrier and an
IPP steric “speed bump.” The cassette is terminated by a collecting chain with
a bulky stopper unit. Initially the positively charged CBPQT** ring and pump
unit are repelled. Upon reduction, the decreased charge of the CBPQT2(*
results attenuates the repulsive influence of the PY* barrier, allowing the ring to
thread onto the pump to form a trisradical tricationic complex with the
recognition site. Oxidation restores the positive charge of both the CBPQT**
and pump, destabilizing the complex. The reinvigorated Coulombic repulsion
between the CBPQT** and PY* barrier prevents dethreading, compelling the
ring to traverse the length of the pump, overcome the steric bulk of the IPP unit
and become trapped on the collecting chain. During subsequent reduction,
the IPP unit prevents return of the trapped CBPQT2"* to the recognition site
allowing the additional rings to be accumulated from solution.

CBPQT?*) rings mutes the repulsion from the PY* barrier, allow-
ing the rings to thread onto the pump forming a trisradical
tricationic complex with the BIPY™ recognition site. Oxidation
negates the stabilization of the radical complex, compelling
movement of the rings, and reinvigorates electrostatic repulsion
between CBPQT** and PY* units, which prevents backward
movement. Together, these two effects force the rings to tra-
verse the length of the pump, overcome the steric hinderance
of the IPP unit, and come to reside on the collecting chain. During
additional redox cycles, threaded rings are prevented from re-
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turning to the BIPY* recognition site by virtue of the steric bulk
of the IPP unit, allowing additional rings to be recruited from
solution.

A pump (AP-3Cl) was designed for operation in water. Structur-
ally AP-3Cl comprises a MKII®* cassette, coupled to a tetraethy-
lene glycol-collecting chain, and terminated by a bulky diisopro-
pylphenyl stopper, accompanied by chloride anions (CI™). These
modifications to the design of the MKII3* pump ensure water
solubility. The physicochemical properties of viologen salts and
their radicals, including CBPQT** rings and many pumping
cassettes, are influenced heavily by their counterions.?® In
particular, the solubility of these salts is strongly dependent on
anions.?®?%*! CI~ was selected as it is the anion of choice®® for
investigating the radical interactions of BIPY™ units in water,
including the demonstration® of trisradical tricationic complex
formation, which drives the operation of the MKII3*. To further
enhance solubility, tetraethylene gylcol was used in place of the
highly lipophilic oligomethylene collecting chains of previous
AMPS.21’22'25

The synthesis of AP-3Cl was achieved in three steps from known
starting materials®® (Scheme 1). The collecting chain (AS1) was
prepared by base-driven coupling of tetraethylene glycol monoto-
sylate to diisopropyl phenol via an ether linkage (55%). Azide
functionalization of AS1 with 2-azido-1,3-dimethylimidazolinium
hexafluorophosphate (ADMP) afforded AS2 at 56% yield. Finally,
the chain was coupled to the pumping cassette (PC-3PF¢) by
a copper-catalyzed azide-alkyne cycloaddition, followed by
counterion exchange to ClI™ salt, yielding AP-3CI quantitatively
without chromatography.

Electrospray ionization mass spectrometry (ESI-MS) confirmed
the formation of AP-3Cl, which could be identified by the unfrag-
mented [M — 2HCI — CI]* ion with m/z of 855.5169, a close match
to the theoretical 855.5167. AP-3Cl was fully characterized by
1D and 2D NMR. Detailed synthetic protocols and complete
spectral data are provided in the supplemental information, see
Schemes S1-S3; Figures S1-S5.

Protocol development for pump operation in water

The rigorous selection of redox agents was critical for efficient
operation in water. The popular®>*>?° CoCp, for reduction and
AgPFs or NOPFg for oxidation are unsuited to aqueous condi-
tions because of solubility concerns, the possibility of undesired
counterion exchange, and reaction with the solvent, respec-
tively. In aqueous media, BIPY2* derivatives (e.g., CBPQT-3Cl)
are reduced to BIPY* at approximately —0.45 V and further to
neutral BIPY® at —0.88 V vs. NHE.®?” While some degree of
reduction to the neutral state has been demonstrated to improve
the kinetics of AMP operation,® in water the second reduction
tends to be less reversible than the first, and its products signif-
icantly less soluble.?” To decrease any inefficiencies reducing
agents were selected to minimize the production of the “over
reduced” species. Metallic iron, zinc, and tetrakis(dimethyla-
mino)ethylene (TDAE) were selected as reducing agents for their
compatibility with water, and appropriate redox potentials.®***
On the oxidant side, atmospheric O, was deemed unsuitable
due to the possibility of hydroxide ion production, which can
lead to degradation of viologens.?”*> Ferrocenium hexafluoro-
phosphate (FeCp,PFg) is a well-known mild oxidizing agent
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Scheme 1. Synthetic scheme for the water-
soluble pump AP-3CI
Tetraethylene glycol monotosylate was coupled to
diisopropyl phenol in DMF to give AS1 in 55%
yield. AS1 was treated with ADMP and DBU in
1 CH,CI, resulting in AS2 at 56% vyield. The azide
AS2 was coupled to the pumping cassette®
PC-3PF¢ in Me,CO with a copper catalyst, fol-
lowed by counterion exchange to the chloride
using tetrabutylammonium chloride (TBACI) in
MeCN giving the pump AP-3CI in a quantitative
yield.

56%

PC-3PFq Cu(MeCN),PF S2
4716
TBTA ||Quant stirring with iron powder for 30 min under
Me,CO an inert atmosphere. The samples were
3CK then filtered and sealed in airtight cu-
o vettes (pathlength = 1 mm) for analysis
c}N_\—Nc} :}N-gz A~ O 0T ~"0 (Figure 3). AP* alone displays none of
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with demonstrated efficacy for AMP operation®*; however, it is
poorly soluble in water. Instead, its ClI~ salt FeCp,Cl was
selected as it is readily water soluble, simple to prepare,*® and
produces only ferrocene as a waste product, which precipitates
from aqueous solutions allowing removal by simple filtration.

The pumping of CBPQT** rings onto the collecting chain of
AP-3Cl was achieved through sequential redox cycles. In the first
instance, the [2]rotaxane (AR1-7Cl) was obtained by cycling
AP-3CI. Pumping was performed by stirring a solution of 1 mM
AP-3Cl and a slight excess of CBPQT-4Cl with a reducing agent
for 30 min under an N, atmosphere, see Scheme S4. The hetero-
geneous metal powders were added in excess and were
removed by filtration, while TDAE was added stoichiometrically
(0.55 equivalents per BIPY2*) and required no filtration. The
resultant purple solutions were oxidized by the addition of
FeCp.Cl, followed by stirring for a further 30 min to allow the
CBPQT** rings to overcome the IPP steric barrier. Precipitated
ferrocene was removed by filtration, and the products were pu-
rified by reverse-phase flash chromatography. All three reducing
agents gave purified yields exceeding 50%, with TDAE achieving
57%. Formation of AR1-7Cl was confirmed by ESI-MS, with the
unfragmented [M — 3CI]** parent ions measured with an exper-
imental m/z of 506.5537 for AR1-7Cl compared with the theoret-
ical 506.5555. AR1-7Cl was characterized by 1D and 2D NMR
vide infra, full assigned spectral data are provided in the
supplemental information (Figures S6-S11).

Acquisition of a second ring to produce AR2-11Cl required
more precise optimization compared with the first cycle. Initial
attempts to replicate the conditions of the first cycle for the sec-
ond resulted in poor purified yields (<5% in the case of iron or
TDAE, 0% when using zinc). To understand this decreased yield,
UV-vis spectroscopy was employed to identify the radical spe-
cies present during the reduction of AP-3Cl and AR1-7Cl. Solu-
tions of AP2*, AP2* with CBPQT2* (1:1), AR1®>**, and AR13**
with CBPQT2*) (1:1) at 1 mM of the pump unit, were prepared by

4 Chem 12, 102693, January 15, 2026

the absorptions associated with radical-

radical interactions of viologens, indi-

cating that at these concentrations, AP2*

exists as monomers in aqueous solution,
with n-n dimerization likely disrupted by the presence of the PY™*
unit. In contrast, consistent with the observed ease of production
of AR1.7Cl, the 1:1 mixture of AP* and CBPQT?*) exhibits a
broad NIR absorption band increasing up to 1,100 nm, which
is characteristic®® of the trisradical tricationic complex required
for operation of the MKII®* cassette. On the other hand, AR1%4*
instead exhibits an absorption at 860 nm, which is indicative of
the presence of viologen n-r dimers.®” The fact that such radical
pairing is not observed for AP2* suggests that the intermolecular
interaction is unfavorable, and hence in the case of AR1%** is
likely the result of a folded intramolecular complex. The absence
of any trisradical species in the spectra of AR1%#* indicates that
the already threaded CBPQT**) rings cannot return to the
BIPY* recognition site during subsequent reduction. Reacquisi-
tion of the spectrum of this sample after 24 h corroborates this
interpretation, as the resulting spectrum is indistinguishable
from that of 30 min post-reduction, eliminating the counter direc-
tional movement of rings as a possible explanation for the
observed low yields of AR2-11Cl. The spectrum of an equimolar
mixture of AR1%4* with CBPQT>"*) reveals predominantly the
dimer band, with a lesser contribution from the trisradical com-
plex. The salience of the dimer band under these conditions sug-
gests that intramolecular radical pairing may out-compete tris-
radical tricationic complex formation, explaining the poor yield
of AR2-11Cl. As such, pumping conditions must be optimized
to favor trisradical complex formation over dimerization in the
second pumping cycle.

Optimization using in situ "H NMR spectroscopy (details are
provided in the supplementary information, see Table S1) found
that the use of TDAE with extended reduction times (18 h),
elevated concentrations (10 mM AR1-7Cl), and greater excesses
of CBPQT-4ClI (5 equivalents) achieved the desired efficiency.
Under these conditions, this second pump cycle was up to
79% efficient prior to purification. When attempted at larger
scales, CI™ salts of AR2-11Cl and residual AR1-7CI were poorly
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Figure 3. Spectroscopic characterization of radical species
Normalized UV-vis spectra and structures of the radical species responsible
for key absorption peaks of AP2* (black), AP2* + CBPQT?"* (purple), AR134*
(red), AR1%>** + CBPQT?*) (blue). Alone, the pump radical AP* exhibits no
significant radical interaction bands. The spectra of the [2]rotaxane radical
AR1%#* displays an absorbance at 860 nm which is characteristic®’ of viologen
n-n dimers, which can be attributed to an intramolecular interaction between
the threaded ring and the BIPY* recognition site. An equimolar mixture of the,
AP2* + CBPQT?™) exhibits a broad NIR absorption band increasing up to
1,100 nm, characteristic’® of viologen trisradical tricationic complexes. The
spectra of the combined rotaxane and ring, AR1%4* + CBPQT?), predomi-
nantly reveals the dimer band at 860 nm, with the trisradical band being much
less intense, indicating that folding and dimerization of the rotaxane dominates
over trisradical complex formation in this case, which may inhibit acquisition of
a second ring.

separated, which was also the case for chromatography with tri-
fluoroacetic (TFA™) counterions. Anion exchange to PFg~ proved
fruitful, and AR2-11PFg was isolated in 60% vyield after chroma-
tography. Subsequent anion exchange back to the chloride gave
AR2-11Cl in 88% yield, resulting in a total purified yield of 53%,
see Scheme S5. Both AR2-11Cl and AR2-11PFg were identified
by ESI-MS, with the [M — 3CI]** ion found at m/z of 727.6015,
and [M — 3PFg** at 1,019.5879 compared with the theoretical
values of 727.6017 and 1,019.5912, respectively. AR2-11Cl
was characterized by 1D and 2D NMR, for full assigned spectra
see the Figures S12-S17. This protocol would presumably also
be effective for the first pumping cycle, however, given the
already high yields of the simpler preparation of AR1-7Cl
described above, it presents minimal benefit.

Rotaxane characterization and analysis

In line with prior AMP research,?'?>2 the presence of CBPQT**
rings in AR1-7Cl and AR2-11Cl results in significant movement in
the resonances of their 'H NMR spectra compared with AP-3Cl
on account of aromatic ring currents (Figure 4). As would be ex-
pected, the largest changes in chemical shift occur to the pro-
tons directly encircled by, and nearest to the CBPQT** rings.
Comparing the spectrum of AR1-7Cl with that of AP-3Cl, the
peaks of the H-12 of the IPP (green), H-16 belonging to the linker
between the IPP and the triazole, H-17 of the triazole unit (pink)
substantial upfield movement; from 7.11 to 6.33 ppm, 5.06 to
2.97 ppm, and 7.98 to 5.99 ppm, respectively. While the reso-
nances of the ethylene glycol chain undergo some shifting, it is
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to a much smaller degree than for similar [2]rotaxanes with oligo-
methylene collecting chains in CD3CN.?"?>2° Taken together,
these results suggest that the CBPQT** in AR1-7Cl resides pri-
marily around the triazole unit while in water, presumably the
result of hydrophobic interactions.

Similar, though in general far larger changes occur to the 'H
NMR spectrum of AR2-11Cl compared with that of AR1-7Cl,
with the second CBPQT** ring providing additional shielding.
The signals from the ethylene glycol protons of the collecting
chain resolve into individual resonances ranging from 4.75
ppm to far upfield at 0.86 ppm. In contrast to AR1-7Cl, H-17 of
the triazole is shifted slightly downfield to 6.57 ppm, while the
H-16 linker resonance and H-12 of the IPP are shifted further up-
field to 1.72 and 5.30 ppm, respectively. These data indicate that
when two rings are present, they will occupy the entire length of
the collecting chain. Unlike the broadening observed in compa-
rable charge dense [3]rotaxanes with oligomethylene collecting
chains,?"?>?° the resonances of the CBPQT** rings remain
sharp. The H-a and H-p resonances of the ring closest to the
stopper unit (denoted by subscript S) exhibit downfield shifts
compared with the same protons the other ring (subscript /PP)
or AR1-7Cl. In contrast, H-Pg is located upfield from H-Ppp.
These differences can be attributed to the presence of the aro-
matic triazole unit within the cavity of the ring in AR1-7ClI, and
the ring nearest the IPP unit in AR2-11Cl (CBPQT pp). The face-
to-face arrangement of the triazole and BIPY?* units causes
shielding to H-aypp and H-fipp, moving them upfield, while the
side on orientation of the phenylene linker results in deshielding
of H-Ppp, shifting it downfield relative to H-Pgs. Taken together,
the "H NMR spectra clearly demonstrate the formation of a [3]
rotaxane.

These analyses are corroborated by "H—"H ROESY (rotating-
frame nuclear overhauser effect spectroscopy) data. 'H—'H
ROESY, which provides insight into through-space interactions,
that is their crosspeaks indicate protons, which are located
close together. Partial '"H—"H ROESY spectra for AR1.7Cl and
AR2-11Cl are given in Figure 5 focused on the couplings be-
tween AP®* and the CBPQT** rings, full spectra are included in
the Figures S9 and S15. For AR1-7Cl, the crosspeaks of the col-
lecting chain resonances H-18 to H-23, with H-a, H-f, and H-P of
CBPQT** providing clear evidence for the threading of the ring.
For AR2:11Cl, the '"H—'H ROESY spectrum is suitably more
complex given the presence of the second CBPQT**; however,
the precise arrangement of the two rings is still apparent. Cross-
peaks are evident between H-app, H-Pipp, and H-Ppp of
CBPQTpp (marked in green boxes) with H-12, H-14, and H-15
of the IPP, H-16 of the linker, H-17 of the triazole, and the
ethylene glycol resonances H-18 to H-20, demonstrating that it
resides on the first half of the collecting chain. In contrast, H-
as, H-Bs, and H-Pg of CBPQTs (black boxes) exhibit couplings
with the glycol peaks H-19 to H-25, as well as with H-27 of the
S unit giving clear evidence that CBPQTs is threaded onto the
pump, occupying the second section of the collecting chain
and located near to the terminal stopper.

Kinetic analysis of pumping behavior

To better understand the behavior of AP-3ClI in water, the ki-
netics and efficiency of operation were analyzed with in situ 'H
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Figure 4. 'H NMR analysis of AP-3Cl,
AR1.7Cl, and AR2-11Cl

Comparison of the "H NMR spectra of (from top to
bottom) AP-3Cl, AR1-7Cl, and AR2-11Cl. Spectra
were recorded in D,O at 298 K, at a field strength
of 600 MHz. The spectra are color-coded, and the
peaks with the most notable changes in chemical
shift demonstrating rotaxane formation are
labeled. In particular, the presence of a CBPQT**
ring in AR1-7Cl results in upfield movement of the
peaks for the H-12, H-16, and H-17 protons of the
IPP, and collecting chain. These peaks are asso-
ciated with protons on or near to the IPP unit,
indicating the ring in AR1-7Cl resides around the
triazole unit. The extraring in AR2-11Cl, in addition
to the shifting seen for AR1-7Cl, also results in
movement of the peaks of the H-18 to H-25 pro-
tons. This shifting indicates that the two rings in
AR2:11ClI encircle the entire length of the col-
lecting chain.

(Figure S19), with an apparent rate con-

stantofk=10.1+0.1 M~ 's™". In compar-
ison, the rate of IPP transit for the
MKII-3PFg in acetonitrile is reported® to
follow first-order kinetics as might be ex-
pected of what is presumably a unimo-
lecular process, which suggests that
this transition is more complex in the

CBPQT . CBF’QTs -------------- 18 23 .
AR2-11Cl
Pip Ps I
! i 260
a, o Be B 17 CH,,, 12 18 16 |15 23
N l i CH,q 1 | i
N 1 M A A A A A A | A
9 8 7 6 5 4 3 2 1

NMR spectroscopy. To monitor the kinetics of IPP transit by the
CBPQT** rings, pump cycles were conducted in deoxygenated
D->0, oxidized, and immediately transferred into the spectrom-
eter with spectra recorded periodically. The kinetics can be
tracked by monitoring the disappearance of a short-lived inter-
mediate state in which the CBPQT** resides over the IPP barrier.
For AP-3Cl in D,0O, at 25°C, no intermediate could be detected in
the first spectra recorded after approximately 6 min. In compar-
ison, previous reports® of the MKII-3PFg pump in acetonitrile
found the same transition took place much more slowly,
requiring approximately 90 min to reach completion at room
temperature. Oxidation and analysis at a lower temperature
(5°C), and hence decreased rate, allowed detection of the inter-
mediate by 'H NMR as a broad peak centered at 9.40 ppm (see
Figure S18). In this case, by the first scan at circa 6 min, IPP
transit was already approximately 80% complete, and the inter-
mediate became undetectable 25 min after oxidant addition. The
small size and relative broadness of the intermediate peak hin-
dered accurate quantification of the intermediate from, individual
spectra as a result of inadequate signal-to-noise. Lowering the
temperature further is impractical because of the potential
freezing of the sample, so as a remedy, a running average of
the integrals over every five spectra was taken to smooth the
data. From this averaged data, conversion of the intermediate
into AR1-7Cl was best fit to a second-order kinetic model
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case of AP-3Cl in water.

Many factors may contribute to this
rate enhancement. In this case, the sol-
vent,®'%"" counterions,***° and collect-
ing chain composition*'™¢ differ, all of which are known to
impact the non-covalent interactions that drive such transitions
including specifically for CBPQT**-containing compounds.®' In
aqueous environments, the relative strengths of non-covalent in-
teractions differ greatly from organic solvents on account of the
high polarity and hydrogen bond forming capacity of water.®'"
For CBPQT**, complexes assembled by donor-acceptor inter-
actions, which closely resemble the transition state in question
are well known, and widely used in AMMs and template-directed
syntheses.®"**! The binding constants for these CBPQT** donor-
acceptor complexes are, in general, reported to be of similar
magnitude in water compared with acetonitrile.®"*” Therefore,
while the role of solvent in the observed rate enhancement
cannot be discounted, based on the expected similarity in en-
ergy levels of the transition state in water and acetonitrile, we
propose it is unlikely to be the dominant factor.

Similarly, counterions are known®'**-*° to impact the host-
guest chemistry and dynamic behavior of systems containing
CBPQT**. For example, the Jeppesen group has described*’
acceleration of the shuttling rate of a CBPQT** ring in a [2]rotax-
ane based switch in the presence of salts of different counter-
ions, an effect which is heightened for smaller anions. As CI™
used herein is significantly smaller than the PFs~ anions used
for other pumps in acetonitrile, this may partially explain the
change in rate. It is difficult, however, to distinguish the impact
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Figure 5. 'H-'H ROESY characterization of the rotaxanes

Partial "H-'"H ROESY spectra (600 MHz, D,0, 298 K) of AR1-7Cl (top) and
AR2:-11Cl (bottom), labeled structures of AP®* and CBPQT** are given for
reference. The key crosspeaks which demonstrate the threading of the rings
onto the pump are marked in boxes and annotated. The subscript S denotes
the CBPQT** in AR2-11Cl located closest to the stopper unit, while the
subscript /PP denotes the other ring (green boxes). For AR1-7CI, the CBPQT**
protons exhibit crosspeaks with H-12 and H-15 of the IPP, and H-18 to H-23 of
the glycol section, confirming that the ring occupies the first section of the
collecting chain. For AR2:11Cl, the rings can be distinguished as protons
CBPQT pp have clear crosspeaks with H-14 to H-20 belonging to the IPP and
first section of the collecting chain, while CBPQTg exhibits couplings to the
H-20 to H-27 protons belonging to the stopper and terminal end of the col-
lecting chain.

of counterions from solvent effects, as anion exchange is
commonly used to alter the solvent preferences of CBPQT** de-
rivatives, as is the case in the current investigation.

While these other factors may indeed contribute to the
observed rate increase of IPP transit compared with previous
AMPs, we propose that the primary cause is, in fact, the altered
end chain composition. It is well established”’****® that glycol
chains, because of the gauche effect, can wrap around
CBPQT** to form [C—H---O] hydrogen bonds between the ether
oxygens and H-a of the rings. This bonding decreases the energy
of host-complexes formed by glycol containing threads and
CBPQT** rings. In this case, the outcome is the stabilization of
the transition state in which the ring encircles the IPP unit, which
we suggest explains the increased rate. In comparison, the
oligomethylene chains of prior AMPs®? are assumed to have
negligible interactions with the rings. Similar behavior was ober-
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served”’” in acetonitrile for the dethreading of CBPQT-4PFg rings
from [2]pseudorotaxanes in work that may be considered a pro-
totype for radical AMPs. Cheng et al. described that, for a [2]
pseudorotaxane containing a tetraethylene glycol-collecting
chain, ring dethreading was complete after approximately 7 h
at 82°C. In comparison, in the case of a [2]pseudorotaxane
with an alkyl collecting chain of comparable length dethreading
took approximately 16 h at 92°C. Perhaps most convincing, it
was found that while ring dethreading for the oligomethylene de-
rivative neatly obeyed first-order kinetics as might be expected,
the glycol [2]pseudorotaxane deviated from first-order kinetics.
Glycol’s key role was confirmed by the observation of an addi-
tional rate increase by the addition of free glycol threads. Thus,
the active participation of the glycol-collecting chain in the transit
of CBPQT** rings over the IPP unit accounts for both the greatly
enhanced rate compared with previous AMPs, and its unex-
pected reaction order. This explanation further suggests that
the enhanced kinetics seen here could also occur if AP+ were
operated in organic solvents like acetonitrile. More work is
needed, however, before any conclusion can be made.

Using the same in situ "H NMR data as for kinetics, the effi-
ciency of pump cycling can be ascertained by comparing the
proportion of AR1-7Cl and residual AP-3CI in a sample. For
AP-3Cl, pumping efficiency was determined to be 87% when
oxidized at room temperature. When oxidation was conducted
at 5°C, no residual AP-3Cl was detected indicating near quanti-
tative efficiency of conversion to AR1-7ClI. In either case, this
initial pumping cycle is much more efficient than the second
required to produce AR2-11Cl at 79% as described above,
and superior to MKII-3PFg in acetonitrile which is reported to
be 80% efficient.””

Conclusion

This work demonstrates the successful design and operation of
an AMP capable of efficient function in aqueous environments.
The integration of a tetraethylene glycol collecting chain and
CI™ counterions enabled the AMP to overcome the challenges
of poor solubility and diminished supramolecular interactions
typically encountered in water. The AMP exhibited greatly
enhanced kinetics compared with previous iterations in aceto-
nitrile, following second-order kinetics with a rate constant of
10.1 £ 0.1 M~ 's™" at 5°C as confirmed by NMR spectroscopy.
Additionally, the pump achieved high efficiency, with purified
yields of up to 57% for [2]rotaxane and 53% for [3]rotaxane un-
der optimized conditions. Importantly, translating the operation
of radically driven AMPs from organic solvents into water rep-
resents a substantial advance, demonstrating that such sys-
tems can function effectively under biochemically relevant con-
ditions. These findings indicate that even well-understood
AMMs still have much room for development and discovery.
By expanding the operational scope of AMPs to aqueous envi-
ronments, this study provides a foundation for exploring their
integration into complex chemical systems.

METHODS

Detailed synthetic protocols, NMR spectra, and ESI-MS data for
all compounds are provided in the supplemental methods.
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Highlights
@ An artificial molecular pump has been designed to operate in
water

@ Enhanced radical-radical interactions result in high pumping
efficiency

® The pump exhibits greatly enhanced kinetics

® Charge-dense rotaxanes have been prepared under aqueous
conditions
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In brief

An artificial molecular pump has been
designed to operate efficiently in water.
The polarity of water results in an
enhancement to the radical-radical
interactions, which drive operation,
resulting in enhanced pumping efficiency.
Using this pump, [2]- and [3]rotaxanes
have been made under aqueous
conditions in high yield. This is a rare
example of an artificial molecular
machine, that operates in water,
unlocking the potential for its integration
into the myriad complex supramolecular
systems which exists in aqueous
environments.
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